We present an experimental investigation of shear elastic wave propagation along the surface of a dense granular suspension. Using an ultrafast ultrasound scanner, we monitor the softening of the shear wave velocity inside the optically opaque medium as the driving amplitude increases. For such nonlinear behavior two regimes are found: in the first regime, we observe a significant shear modulus weakening, but without visible grain rearrangements.
Introduction
The jamming transition is a general paradigm for understanding how complex fluids such as foams, emulsions, and granular materials develop rigidity: when the density of randomly packed particles is increased to a certain critical value, the viscosity increases dramatically and the flow arrests [1] [2] [3] [4] [5] [6] . Reciprocally, amorphous solids made of athermal particles like bubbles, droplets, and grains lose shear rigidity and make a transition to a liquid state when the confining pressure vanishes 7 . Numerical simulations of frictionless particles show that an effective medium description fails near unjamming due to non-affine motion of particles and that the critical scaling of the shear modulus is correlated to soft modes [8] [9] [10] . However, understanding the mechanical response across this solid-like-to-liquid-like transition still remains a major challenge for real granular matter because of friction and because of the strong nonlinearity at vanishing confining pressure [11] [12] [13] where the particle packing does not 2 tend to isostaticity 4, 10 . Addressing this issue is also of great importance for industrial applications and geophysical processes such as landslides 14 .
In both dry and water-saturated granular materials, force transmission and elastic wave propagation strongly depend on the inhomogeneous and metastable contact force network 2, 5, 8 .
As the confining pressure P decreases, the effective medium theory (EMT) 8 based on the affine approximation and the Hertz-Mindlin contact law predicts that in the linear regime both bulk K and shear modulus G scale as ~ P 1/3 . However, numerical simulations in frictionless sphere packings reveal anomalous scaling of the shear modulus G with vanishing pressure as ~ P 2/3 due to the nonaffine deformation 4, [7] [8] [9] . Nonlinear responses beyond linear elasticity have also been investigated by using the finite shear strain to study the transition from a jammed to a flowing state [15] [16] [17] .
Sound propagation in granular media provides a very efficient and controlled way to perform dynamic measurements that can be compared naturally with theory and simulations based on elasticity. The long-wavelength coherent wave gives access to the effective modulus whereas the short-wavelength scattered waves are sensitive to any rearrangement of the contact force network 19 . In the linear regime, velocity measurements of coherent sound waves allow monitoring of the weakening of jammed media when the confining pressure is decreased 8, 19, 20 or when a static shear is applied 20, 21 . In the nonlinear regime, the highamplitude ultrasound can act as a pump to soften the jammed solid as shown by using compressional wave [22] [23] [24] . Another dynamic approach using shock wave has also been proposed to investigate the unjamming transition in granular media 15 . In such highly nonlinear regime, the dynamic displacement is larger than the grain overlap induced by the confining pressure so that the elastic wave propagation becomes impossible, i.e. in sonic vacuum 16 . Instead, soliton-like shocks travel via collisions with a front speed depending on the particle velocity.
In this work, we investigate the unjamming transition by new measurements of highamplitude shear wave in a weakly jammed granular suspension. Unlike oscillatory rheological measurements 17 , these acoustic measurements allow us to monitor locally the shear modulus softening as the driving amplitude increases, along the wave path and inside optically opaque dense granular suspensions, till the onset of the plastic rearrangement of grains. We analyze these nonlinear elastic responses using mean-field descriptions for frictional sphere packings.
Shear elastic waves are used here both as a pump to fluidize the granular solid and a probe of the material softening.
Experiment
Weakly jammed granular media under investigation are made with glass beads (diameter d ~ 250 µm) confined in a rectangular box with a free surface (Fig. 1a) . The glass beads settle down in water under gravity, which creates a dense granular suspension (h ≈ 13 cm in height), with a packing density of about 60%. A rough metallic plate (S 0 ≈ 10 x 10 cm 2 ) glued with sand particles is used as a quasi-plane shear wave source. It is excited by a shaker with a fourcycle tone-burst centered at a frequency ranging from 100 to 500 Hz. The static load applied to the plate, W = PS 0 ≈ 7.5 N, can be estimated from the mean confining pressure P = (r g -r w )gL/2 ≈ 750 Pa with r g = 2500 kg/m 3 and r w = 1000 kg/m 3 the density of glass and water respectively, and L ≈ 10 cm. Oscillating shear force F ac and acceleration a ac are measured by a force sensor and an accelerometer, respectively. As shown in Fig. 1d , the source excites a Rayleigh-like surface wave 11, 27 with a group velocity close to the shear wave velocity V S (see the Supplemental Material for details). To investigate the propagation of this low-frequency shear guided mode we used an ultrafast ultrasound scanner (Aixplorer®) that was originally developed in our laboratory to track tissue motion induced by low-speed shear waves in the context of medical imaging 28 . This kind of scanner can acquire images up to 200 times faster than conventional ultrasound systems and it was also applied for rheology measurements in complex fluids 29 . The main goal of our work was to monitor the shear velocity softening near unjamming in a realistic granular medium (i.e., frictional and optically opaque). When the driving amplitude is increased, a significant increase of the shear pulse time-of-flight is clearly observed (Fig. 2a) , corresponding to a softening of the group wave velocity V G up to 30-50% as shown in Fig. 2b . Such a velocity softening is about 3 times larger than that observed with the compressional wave 25 . We also detect the generation of 2 nd and 3 rd harmonics whose amplitudes evolve as a function of the propagation distance (Fig. 2c ). This 5 observation is different from the ones with shear shock waves propagating in soft solids (like gels) where only odd harmonics are observed but without any significant change of the wave velocity (< 1%) 28 . Nevertheless, by further increasing the driving amplitude, plastic deformation of the granular packing should become possible. To detect it, we examine the change in ultrasonic speckle patterns, i.e., B-mode images 28 (see the Supplemental Material) recorded before, during and after the passage of the nonlinear shear wave (Figs. 3a and 3b). As the characteristic length for rearrangement corresponds to the grain size d (Fig. 3c) , it falls in the spatial resolution of the ultrasound used here l US /2 ~ 180 µm (l US is the wavelength in water). 
Discussion and modelling
Linear elasticity -We use the mean-field approach as a guide to interpret our experimental data. According to the Biot theory for a fluid-filled granular porous medium, the saturating liquid increases the bulk modulus of the medium and couple compressional waves in the solid and liquid phases to form a fast and a slow mode 32 . This solid-liquid interaction is not expected to have a significant effect on the shear modulus of the solid skeleton but only to increase viscous dissipation between the solid and liquid phases 33 . A simple description of shear wave propagation in our granular suspension, can thus be given based on the effective medium theory 7, 20, 29 developed for dry random packing of frictional spheres (of radius R).
Based on the affine approximation, the EMT has provided an adequate description of smallamplitude ultrasonic experiments in highly compressed granular solids 22 , in situations where configuration-specific multiply scattered elastic waves do not probe any significant rearrangement of the contact force network. Such reversible sound-mater interaction 18, 22 is also consistent with previous works where the linear response was observed at frictional interfaces due to pinned asperities 34 . For isotropic confining pressure P (or load W), the bulk and shear moduli can then be related to the normal and tangential contact stiffness k n and k t as 35 , K ~ f Z k n and G ~ f Z (k n + 3k t /2) with Z the average coordination number and f the packing density of spheres (Fig. 4a) . For the Hertz-Mindlin contact 8, 35 , the contact stiffnesses k n and k t (~ k n ) at small oscillation amplitude are related to the contact area (of diameter a,) and thus to the static compression u 0 (≈ a 2 /2R) under a normal load w, k n ~ a ~ w 1/3 (Fig. 4b) ; accordingly, on the macroscopic scale, K and G scale with pressure as ~ P However, for the shear acoustic measurements in weakly confined granular packings considered here, the affine approximation may break down even at relatively small amplitude of vibration due to induced slipping between grains or/and rearrangement of grain positions 7, 8 .
Consequently, the shear modulus can be overestimated by the EMT which does not allow the grains to relax via affine motion 3, 8 . Numerical simulations show that the scaling of the linear shear modulus versus confining pressure shall be rewritten for both frictionless and frictional packings as 3,4,9 ,
where k is a linear combination of k n and k t and DZ = Z -Z iso is the excess contact number (measuring the distance to isostaticity), which is related to the excess packing density by 3, 9 Df ~ (DZ) 2 with Df = f -f iso . Note that the non-affine relaxation barely modifies the bulk modulus, i.e, the scaling remains as K ~ P 1/3 for the Hertz-Mindlin interaction. For a 3D
packing of frictionless spheres (Z iso = 6 and f iso = 0.64), as both grain overlap (compression) u 0 and consequently Df scale as ~ P 2/3 , one has DZ ~ P 1/3 , hence leading to G ~ P 2/3 and V S ~ P 1/3 . For frictional spheres, the packing does not tend to the isostatic value (Z iso = 4) at unjamming under vanishing P = 0, but to a critical contact number Z c > Z iso 3, 10 . The precise value of Z c depends on the friction between grains and the preparation history. The fact that Z c remains larger than Z iso explains why the shear modulus G does not vanish at P = 0 (Eq. 1) and why it is possible to have a linear response of guided surface waves propagating along the 9 free surface at small dynamic strain g ac < 10 -5 in our granular suspensions (Fig. 2b) and also in dry granular packings 11 . Indeed, even in the absence of an external load, compacted granular materials always have internal stresses which build up from friction between the grains (i.e., interlock) and from constraints imposed by the material boundary 36, 37 .
Nonlinear elasticity in frictionless packings -We now address the nonlinear response of granular packings under finite shear beyond linear elasticity, either by steady 16 and oscillatory shear 15, 17 or by nonlinear acoustics in this study. Our measurements show that the shear wave velocity, and accordingly modulus, softening in our frictional granular packing exhibits three different regimes, depending on the dynamic strain g ac . In regime (i), at small amplitude g ac (≤ 10 -5 ), the wave velocity is constant; regime (ii) corresponds to higher driving amplitudes where the velocity decreases continuously without visible grain motion (Fig. 2b) , down to the final regime (iii) accompanied by the plastic rearrangement of grains (Fig. 3c) . To analyse these data, we first consider the extension of the shear modulus scaling law (eq. 1) beyond linear elasticity postulated by Otsuki and Hayakawa for a frictionless soft sphere packing,
Here is a scaling function with the asymptotic behaviour: ( ) ® constant when x ® 0 and ( ) ® x -1/2 when x ® ∞. The former recovers the linear response (Eq. 1) whereas the latter allows accounting for the shear modulus softening at large shear g 0 ,
This scaling of G with the amplitude g 0 of the oscillatory shear can be explained based on an elasto-plastic model, which consists of an infinite number of connections in series with an elastic element of equal shear modulus G 0 and a slip element characterized by the drop stress s (avalanche process). The stress of an individual element , (= G 0 g(t)) is a linear function of the imposed strain g(t) = g 0 (1 -coswt), but it drops to zero when exceeding the maximum value s due to the breaking of the contact or bond (Fig. 4a) . The shear modulus of the individual element is then calculated by ( , , ) = − , cos 56 7 , / and the global shear modulus is given by ( , ) = , , number DZ (or packing density Df) than that of Eq. 1, which probably pertains to the rearrangement of grains via shear dilatancy caused by large shear 16 . However, the shear modulus softening observed in our experiments (Fig. 2b) is not necessarily associated with such plastic rearrangement.
Nonlinear elasticity in frictional packings -To specify the nonlinear elasticity of G(g 0 ) in realistic granular media, we propose a heuristic model where we replace the above elastoplastic element by the Hertz-Mindlin frictional contact (Fig. 4b) . Such contact is relevant not only between grains in granular media (Fig. 4a ) but also in tribology and solid friction between asperities (Fig. 4c) . Two distinct kinds of nonlinearity come into play at the contact area between two elastic spheres at large-amplitude vibration. In the normal direction, the
Hertz contact law provides a relation between the oscillating force f n and the displacement u n ,
2 ) when u n « u 0 (with the contact kept compressed). b = 1/4u 0 is the quadratic nonlinearity determined by u 0 ~ w 2/3 . It is presumably responsible to the harmonics generation 23 ( Fig. 2c) but affects little the normal stiffness k n
. The other nonlinearity stems from the tangential friction where the Mindlin theory predicts both a nonlinear elasticity and dissipation from the hysteresis loop of forcedisplacement 22, 38 . This hysteretic nonlinearity causes a weakening in the tangential stiffness
, proportional to the amplitude of the tangential force f t * to lowest order (µ is the interparticle friction coefficient). The shear stiffness weakening is dominant 22 compared to that of the normal stiffness; it predicts a shear velocity softening for a moderately high shear f t * <µw before reaching the yield of sliding,
which is about 10% for f t * ~ F ac ~ 1 N, w ~ W and µ ~ 0.2. Unlike the mechanism of softening invoked in Eq. 2, the present slip-induced softening can occur with grains kept in contact during oscillation (a > 0 and u 0 > 0). This scenario may partly explain our observation of the dynamic softening up to DV S /V S ~ 40% (Fig. 2b ) without visible rearrangement of particles.
However, in a weakly granular packing compressed by gravity, the contact network is very inhomogeneous and the distribution of the (normal) contact force w is exponential 8 , r(w)
~ exp(-w/w c ) with w c a characteristic force. This would give rise to the same distribution for the yield force f s = µw at the grain contacts, similar to the above drop stress distribution for the slip elements (Eq. 2). Under finite oscillatory shear, the hertzian contacts (or bonds) of smaller diameters a ~ w 1/3 will first break down via slipping which leads to the softening of interfacial shear stiffness but keeps the contacts overlapped. On the macroscopic level, the shear modulus softening or the unjamming sets on without rearrangement of the grain positions and consequently both the coordination number Z and the packing density f remains almost unchanged (Figs. 2b and 4a) . Apparently, this softening process in a 3D sphere packing is comparable to what happens on a multi-contact interface under oscillatory shear 34 ( Fig. 4c) where the distribution of the overlap r(d) or compression u 0 (and the diameter a) between two asperities is also exponential.
To further investigate this similarity, we follow Bureau et al 34 to extend the Mindlin model for a single contact to the case of multiple micro-contacts in which we replace the asperities formed between 2D rough surfaces (Fig. 4c) by the bead contacts in a 3D granular packing. When the interface or the granular medium is loaded, the macroscopic shear force 
where G 0 (k t0 ) is the linear shear modulus (stiffness) at small F ac . As expected for solid friction, the deduced shear modulus and stiffness are independent of w. The prediction from Eq. 4 shows a reasonably good agreement with the measured data, highlighting the crucial role of contact slipping in the shear modulus softening and the onset of unjamming 22, 34, 38 . The fitted friction coefficient µ ~ 0.12 is a bit low but comparable to other measurements (~ 0.25) 38 .
Plastic rearrangement -Let us finally examine the shear velocity softening in the unjammed state accompanied with the rearrangement of the grain positions (Fig. 3b) produced at the strongest shear driving g ac ~ 4.10 -3 . This nonlinear response is obviously associated with the change of the packing density Df and accordingly of the coordination number DZ ~ (Df) 1/2 . Fig. 3c shows that the shear wave velocity is softened from an averaged value of 17 m/s at 100 Hz to a smallest value of 6 m/s at the fluidized zone close to the shear driving (< 20 mm).
Such a huge velocity softening DV G /V G ~ DV S /V S ~ 65% corresponds to a shear modulus 12 weakening (G = rV S 2 ) of DG/G ~ 88%! We believe that the grain rearrangement via shear dilatancy (Fig. 4d) should also exist in the moderate nonlinear regime (Fig. 2b) where the rearrangement of grains may be too small (< d/5 ~l US /10) to be detected due to the resolution of ultrasound imaging. These experiments evidence that the nonlinear shear response at finite acoustic strain is substantially plastic in the vicinity of unjamming transition where nonlinear elasticity cannot be decoupled from plasticity -a picture proposed by the simulation for athermal amorphous solids 39 . Further investigation on the shear modulus softening or unjamming is needed to quantify the interplay between vibration-induced contact slipping (Eq. 4) and contact breaking DZ < 0 or shear dilatance Df < 0 accompanied with the rearrangement (Eq. 2), and merge the two mechanisms into a unique model.
Conclusion
In summary, we have investigated shear wave propagation in weakly jammed dense granular suspensions. We monitored the unjamming transition by measuring the softening of wave velocity and shear modulus with increasing amplitude of the oscillatory shear. Towards unjamming transition, two successive process were found: contact slipping without any change of the packing density (and of the contact number) and plastic rearrangement of grains via shear dilatancy. Our measurements are consistent with the non-affine models in frictionless packings and agree particularly well with the extension of the Mindlin friction model on nonlinear elasticity, which evidences the important effects of contact slipping without contact loss. Such scenario of unjamming by acoustic fluidization/lubrication 23, 38, 40 should be helpful to better understand how transient seismic waves trigger avalanches and earthquakes 24 in sheared granular media.
Supplemental material

Ultrafast Ultrasound Imaging
To investigate the low frequency shear wave propagation and its effects on the granular packing, ultrafast ultrasound imaging was used. Through ultrasound it is possible to: i) image a cross sectional plane of the granular packing (as it is usually done in ultrasonography), and ii) measure the axial particle velocity field associated to shear wave propagation within the sample. To this end, the sample is insonified with ultrasonic waves emitted from an ultrasonic array. Each of the 192 elements of the array emits simultaneously a two-cycle short pulse centered at 4 MHz, thus generating a pulsed plane wave that propagates in the xz-plane in a direction perpendicular to the surface of the sample ( such images recorded before, during and after the shear wave passage was used in this work to study grain rearrangement under high shear driving amplitude (see Figs. 3a and 3b).
The axial particle velocity field v z (x, z, t) (= v ac ) associated to shear wave propagation at a given instant t after the source excitation can be obtained (at least for the first ~10 mm of depth) by correlating in time the speckle pattern observed from one image S t (x, z) to the next S t+Dt (x, z) (i.e., by speckle interferometry) 29 , with Dt ~ 1/ f RF and f RF = 16 kHz the frame rate.
In practice, the operation is performed after quadrature demodulation of the RF backscattered signals. The field of the axial particle velocity v z at a particular time corresponding to the n e frame is then inferred from S1 :
with the central frequency of ultrasound, I and Q the in-phase and quadrature-phase components of the demodulated signal corresponding to pixel (x,z) in the image. As an example, a snapshot of the axial particle velocity field is presented at t = 9.8 ms in Fig. S1f .
The map of the particle velocity as a function of time at x = 42.5 mm shows the ability to follow shear wave propagation in depth (Fig. S1g) . Finally, Fig. S1h and Fig. 1c (in the main text) map the pulsed particle velocity as a function of x and time t at the surface of the sample. 
Guided Acoustic Modes
Bonneau et al 11 and Jacob et al 27 have demonstrated that wave propagation along the free surface of a granular packing may be described by a superposition of localized acoustic modes. To define which guided acoustic modes are generated with our setup (Fig. 1a is a depth-independent coefficient, \,] is the power law exponent, is the bulk density of the medium, is the gravity acceleration and is the depth. For the simulations we used = 1700 kg/m 3 , ] = ¼ and S = 1/6 as in Refs. [8, 19] .
Finally, ] and S were chosen equal to 5.25 and 14.8 respectively as reported in Ref. [27] as best fit parameters for a dry granular packing. The boundary conditions were set as free at the surface and clamped at the bottom. Experimentally, waves are generated using a rough metallic plate acting all across the layer sample (Fig. 1a in the main text) . Therefore, in the FEM simulations a prescribed displacement was assigned to the plane = 0 with the same temporal dependence used in the experiments: a four-cycle tone-burst centered at a frequency between 100 and 500 Hz. Figure S2 shows three snapshots of the vertical component of the simulated particle velocity field in the xz-plane for a 300 Hz excitation. Two different modes of propagation are generated with our setup: a first mode localized near the free surface and a second mode that
propagates within the bulk of the sample (Mode 1 and 2 respectively in Fig. S2 ). Due to the size of the imaging plane used in the experiments, the particle velocity is presumably The dispersion relation (depicted on a log-scale in Fig. S3e for both simulation and experiment) helps to understand the nature of this mode. With simulation it was also possible to calculate the ω-k relation within the bulk of the sample at z = 80 mm (mode 2 in Fig. S2 ).
From this figure it is possible to establish that reasonably follows a relation proportional to f/g (an exponent of 0.79 was found by fitting the experimental data in Fig. S3 ). Therefore, the mode detected by our setup corresponds to the lowest surface mode described by Jacob et al. This type of localized surface mode is controlled by the shear wave speed profile and is reminiscent of a Rayleigh wave in an elastic homogeneous layer (i.e. without velocity gradient). Consequently, its propagation velocity is directly linked to the shear modulus of the sample.
